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Abstract

The heating dynamics of CO,-laser heated micron-sized particles were determined for
temperatures <3500K measured using infrared imaging. A coupled mass and energy conservation model
is derived to predict single particle temperatures and sizes, which were compared to data from particles
deposited on non-absorbing substrates to assess the relevant heat transfer processes. Analysis reveals
substrate conduction dominates all other heat losses, while laser absorption determined from Mie
theory is strongly modulated by particle evaporative shrinking. This study provides insights on the light
coupling and heating of particle arrays where the material optical properties are temperature-
dependent and particle size changes are significant.



The problem of particle coupling to electromagnetic waves and conversion to thermal energy is
involved in a number of fields, including atmospheric sciences,' combustion systems,” microwave-based
food processing,> Raman microprobe and laser ablation-ICPM spectroscopy,” and laser-assisted particle
removal from surfaces.’ In particular, studies of particle arrays on substrates are receiving increased
attention for solar cell energy applications, where packed monolayers of wavelength-scale dielectric
spheres are used to enhance light absorption as part of photovoltaic surfaces.® Although the field
intensification and propagation have been examined,®’ issues related to heat generation and dissipation
in those arrays have not, and a simple predictive model could prove useful for their design. Here we
derive such a model along with temperature measurements on silica spheres exposed to laser
irradiation. In the process, we determine the relevant heat and mass transfer mechanisms and the
impact of particle shrinking during light coupling. In general, to reduce the influence from nearby
particles in the fundamental study of such arrays and to allow interpretation of the data, individual
particles need to be isolated. However, isolated particles are difficult to manipulate and suspend when
their size is on the order of the wavelength, in addition to the problem of measuring relatively weak and
rapidly changing signals.®

In this study, micron-sized particle heating dynamics are experimentally addressed by irradiating
a monolayer of silica particles on a non-absorbing Germanium substrate with a CW-CO, laser under
ambient conditions. The assumption is that by restricting the number of neighboring particles to a
monolayer their influence is reduced sufficiently that the results can reasonably be interpreted on the
basis of a single particle, yet still allow both uniform coupling with the laser and measurements on a well
defined extended homogeneous surface. Using in situ infrared imaging (described elsewhere®) of
particle layers deposited by solution-casting from a diluted suspension, the particle heating and cooling
was determined during laser exposure from local temperature measurement of the surface (See
supplementary Fig. 1S of an SEM image of an untreated monolayer, IR image, and temperature spatial
profiles). The temporal profiles of the peak temperatures obtained at the center of the heated spot
were compared to predicted temperatures based on a simple mass and energy balance using a lumped
parameter model given below which, for simplicity, ignores any temperature variations within the
particles and assumes homogeneous material properties. A summary of the model parameters is given
separately (See Table IS in the Supplementary section for description, values, and literature sources).
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Briefly, in the coupled Eq. 1 and Eq. 2, T(t) and () are the instantaneous temperature and
particle radius, respectively. The terms on the right-hand-side represent the laser absorption input, with
the following heat losses in order: conduction to the substrate, radiation, evaporation, and free
convection to the air. Since the laser wavelength, A,=10.6 um, is close to the 8 um diameter of the
particles used in this study, the laser energy absorption driving the heating of the particles was
determined from the Mie scattering solution™® for a sphere in a non-absorbing medium.'* The solution



depends on the complex refractive index of the particle material, with the imaginary part, k., related to
the energy absorption coefficient~4n k. /A, where k. is the temperature-dependent extinction
coefficient from the literature®® (Fig. 1(A)) and the real refractive index is taken as constant,
n(1)=1.935." The contribution from the laser light reflected from the substrate to the particle exposure
was estimated by calculating the ratio, o~1.5, of the volume-integrated power dissipated~1/2m.kE with
and without substrate reflection given the dielectric loss, k, and the laser frequency, @, . The electric
vector intensities, E2, were obtained from the numerical solution of Maxwell’s equation (See
Supplementary Fig. 2S of the EZ intensity plots and description of the simulations). When exposed to
peak experimental intensities approaching 194 kW/cm?” with a 170 pm Gaussian beam waist (1/€?), the
particles reached temperatures exceeding the silica boiling point (~3000K), and thus their size was
reduced during exposure. Typical results from laser irradiation are illustrated in the SEM image in Fig.
1(B) showing that both melting and evaporation of the particles have taken place. The vaporization and
the resulting particle shrinking, in turn, is expected to affect the particle scattering cross section and
temperature. Therefore, to account for that process in the model, the temperature dependent
evaporation of silica was determined by measuring the evaporation rate of bulk silica surfaces for a
range of CO, laser intensities and temperatures as described previously."* These measurements and
the Arrhenius fitting of the evaporative mass flux, V,,, data are shown in Fig. 2 with an apparent
activation energy of B,,=120.1 kcal/mol. The conduction losses to the Ge substrate were roughly
approximated by taking the gradient, AT, across ~1/2 particle size. A blackbody approximation was used
to estimate the radiative losses, while the free convection was determined from the heat transfer
coefficient, h,.

The calculated particle temperatures for laser power of 4,6,7,8, and 11W are compared directly
to data in Fig. 3(A-E) where the calculated radii are given by the dashed curves. For all power levels, the
model predicts the fast initial rise and the subsequent slower decrease in temperature to within a few
100 K over the five second laser exposure. Aside from the simplifications and approximations noted in
the model, there are likely two reasons for the discrepancies. First, the particles do not remain spherical
during exposure due to melting, flow, and evaporation (Fig. 1B), thus the particles present a flatter
contiguous surface with absorption characteristics related to the layer thickness, z, where ~1-

e /% Second, except for the 4W case for which the 7<2000 K, the calculated radii shrink by up to
~4 um, and mostly within the first 200 ms of exposure because of the strong temperature dependence
of the evaporation rate. Based on the latter two numbers, the particles would have enough thrust to
reach a velocity of ~3 m/s and be expelled from the probed area. Indeed, some of the particles were
apparently missing (or pushed on top of others) in the treated area (Fig. 1B), which would have affected
the IR camera measurements and the apparent temperature. Nevertheless, the model still appears to
capture the collective behavior of the heated particle with reasonable accuracy, all the way up to the
11W exposure.

There is a counter-intuitive crossover in the temporal temperature profile (Figure 3F), whereby
temperatures at the lower laser power eventually become greater than those of particles exposed to
higher power levels. This is in contrast to laser heating of bulk silica where no such crossover occurs
and temperatures continuously increased over time, while requiring irradiances about two orders of



magnitude lower to reach similar levels.® This crossover is also captured by the model in Fig. 4(A). The
reason for the crossover becomes apparent when the model calculations are carried out without the
mass flux Eq. 2, i.e., still accounting for the evaporative heat losses but without allowing for the particle
shrinking. This calculation is shown in Fig. 4(B), where the temperatures reach the same peak levels as
before but remain there for the duration of the exposure. Therefore, it is the greater reduction in size
and absorption cross section (see Fig. 1(A)) that occurs for the larger irradiances that limits the
subsequent laser energy absorption relative to those at lower irradiances. Taking the 11W (194
kW/cm?) and 8W (141 kW/cm?) cases as an example, the end result is a higher final particle temperature
at 8W, but greater initial peak temperature at 11W (before evaporation can shrink the particle), hence
the observed (Fig. 3(F)) and predicted (Fig. 4(A)) crossover. Using these two cases, we look more closely
at the energy distribution over time Fig 4(C). The bulk of the heat losses occur by conduction to the
substrate (> 98%), thus the rest of the heat loss terms such as radiation, convection, and evaporation
are not significant. We conclude that it is the laser absorption and its coupling to particle size
modulated by evaporation that is significant. In other words, the particles run out of material to absorb
and settle at the sub-evaporation temperature of the particle material determined by its final size.

Thus, with the proposed experimental model system, careful temperature measurements,
consideration of the particle scattering, and with the experimentally derived evaporation flux of the
particle material, this study shows that insights in the mechanisms of laser-particle coupling dynamics
can be obtained. A reasonable and simple model is also derived for predicting particle temperatures
and radii for cases where particle light absorption is strong, and for which evaporation or size changes
are important part of the process.
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FIG. 1. Calculated Mie absorption scattering efficiency at the laser wavelength of 10.6 um, Qs Using a
temperature-dependent extinction coefficient from Ref[12] for temperatures 300<T(K)< 5000 K and
particle diameter, 2 , ranging from 0 to 10 um (A). The corresponding size parameter, X=21 /A, range
from 0 to 3.0. SEM image of 8 um diameter silica particles heated with a CO, laser beam under ambient
air conditions deposited on a non-absorbing Germanium substrate (B). Melted and evaporated particles
from CW-CO, laser exposed to a Gaussian beam are shown along side unaffected particles. A condensed
redeposit silica material appears as a thin “hairy” coating on the particles. Some of the particles appear
to have been displaced due to the vaporization thrust, leaving the substrate exposed.
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FIG. 2. Measured evaporation rates of bulk fused silica. The temperature dependent evaporation mass
fluxes, V,, (mass per area per unit time), were determined using a CO, laser for heating in ambient air as
described in Ref[14]. The power levels used for heating the surface ranged from 6.5 to 7.2W (880 um
1/e* beam waist). The rate data were fitted to an Arrhenius expression with an apparent activation
energy of 120.1 kcal/mol for the purposes of modeling the particle shrinking rate and the corresponding
enthalpy energy dissipated by evaporation given silica evaporation enthalpy from Ref[18].
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FIG. 3. Experimental temperatures during CO, laser exposure of silica particles for the power levels
indicated (A-E) were measured by infrared imaging at 16.2 Hz capture rate (Ref[9]). The corresponding
calculated temperatures (solid lines) and particle radii (dashed lines) are also shown for each power
level. Plot (F) represents all the data curves together from panels (A-E) with the arrow indicating the
particle temperature crossover points.
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FIG. 4. Calculated temperatures of CO, laser heated silica particle during exposure with initial particle
diameter of 8 um with (A) and without (B) evaporative mass losses (but still including evaporative heat
losses). 11W (solid lines) and 8W (dashed lines) comparisons of the calculated evolution of the laser
energy absorbed and the radiative and evaporative energy dissipated by a particle, with the
corresponding temporal temperature profiles (thin lines with points) (C). The balance of the dissipated
energy (not shown) is by conduction to the Germanium substrate and tracks the laser energy absorbed
represented by the thick solid and dashed black lines. The calculated particle temperatures are also
included along with the arrows indicating the temperature crossover points. The energy dissipated by
free convection to the air remains well below the other terms in (C) (<8x10°® W/particle) and thus do not
appear in the plot.



SUPPLEMENTARY MATERIAL

Table IS. Description of the model parameters in Eq. 1 and Eq. 2 of text given below.

Parameter Value Description Source
p 2200 kg/m’ Silica density Ref[15]
C, 1400 J/kg K Silica specific heat Ref[16]
a dimensionless Ratio of laser power calculated
dissipated in particle with and
without substrate
lo 70 - 194 kW/cm? Laser intensity -
Qubs(T, ) 0-1.55 Absorption Mie scattering calculated
cross section efficiency
8.0 um (initial) Particle radius -
T 300 - ~5000 K Particle temperature -
t 0-5sec Exposure time -
k 16.9 W/m K High T Germanium therm Ref[17]
conductivity
AT T-300K T gradient relative to Calculated
substrate far in the bulk
o 5.67x10°% W/m? K* Stefan-Boltzmann constant -
Vo Anexpl-B./RT] Silica empirical Arrehnius This study
ug/um2 sec evaporation flux
T, 300 K Surrouding radiation T -
Anm 6.25x10° ug/um? sec | Pre-exponential factor This study
B, 120.1 kcal/mol Apparent activation energy This study
R 1.9859x10° Gas constant -
kcal/mol.K
AH, -7.522xT+194048 Silica evaporation enthalpy Ref[18]
cal/mol
ATy 300 Tincrease relative to initial Calculated
particle temperature
h, 10 W/m?*K Free convection in air heat Ref[19]
transfer coefficient
AT, T-300K T gradient relative to ambient | Calculated
air temperature
4/3 Q) O/ = O [ ) O1-240)4() -4 () -
A+ A () - A () Eq.1
4/3 () )y =-4 () Eq. 2
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FIG. 1S. SEM image of a monolayer of fused silica particles obtained by solution casting of a suspension
of particles diluted in deionized water (A). The IR thermal image of a monolayer heated with a Gaussian-
shaped laser beam (170 um 1/e* beam waist) was obtained with a LN cooled IR camera at 16.2 Hz with a
narrow bandpass cold filter centered at 8.9+ 0.15 um and a spatial resolution of ~40um, as described
previously (S. T. Yang, M. J. Matthews, S. Elhadj, V. G. Draggoo, and S. E. Bisson,” Thermal transport in
CO2 laser irradiated fused silica: In situ measurements and analysis,” J. App. Phys. 106 (10), 103106
(2009)) (B). From the IR image, temperature spatial profiles are derived along a line that includes the
peak initial temperature reached at the center of the beam, here shown for the cases with laser power
of 4,7, and 11W (C). The 7 and 11W cases reach the silica boiling point (B.P.) as indicated by the grey
bar.
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FIG. 2S. Calculated normalized electric field intensities (E°/E,’, Es=input laser electric field) for a particle
on a Germanium substrate (A) and a particle in free space (B) when exposed to P-polarized 10.6 um
laser beam coming from the top of the image down. The narrow solid bar at the top of the image is
where the excitation plane begins. A higher color bar scale indicates a higher field enhancement.
Simulations were performed using a commercially available code TEMPEST employing a finite-difference
time-domain algorithm (FDTD) to solve Maxwell’s equations. Detailed description of the FDTD method
can be found in the following references: (1) S.R.Qiu, J.E. Wolfe, A.M. Monterrosa, M.D. Feit, T.V. Pistor,
C.J. Stolz, “Searching for optimal mitigation geometries for laser-resistant multilayer high-reflector
coatings”, Applied Optics, 50 (9), C373-C381 (2011), (2) T. Pistor, “Electromagnetic simulation and
modeling with applications in lithography,” Ph.D. dissertation, University of California at Berkeley,
Berkeley, California, (2001), and (3) K. S. Yee, “Numerical solution of initial boundary value problems
involving Maxwell’s equations in isotropic media,” IEEE Trans. Antennas Propag. 14, 302—307 (1966).
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